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Objective: Neurogenic shock considered a distributive type of shock secondary to loss of sympathetic
outflow to the peripheral vasculature. In this study, we examine the hemodynamic profiles of a series of
trauma patients with a diagnosis of neurogenic shock.
Methods: Hemodynamic data were collected on a series of trauma patients determined to have spinal
cord injuries with neurogenic shock. A well-established integrated computer model of human
physiology was used to analyze and categorize the hemodynamic profiles from a system analysis
perspective. A differentiation between these categories was presented as the percent of total patients.
Results: Of the 9 patients with traumatic neurogenic shock, the etiology of shock was decrease in
peripheral vascular resistance (PVR) in 3 (33%; 95% confidence interval, 12%-65%), loss of vascular
capacitance in 2 (22%; 6%-55%) and mixed peripheral resistance and capacitance responsible in 3
(33%; 12%-65%), and purely cardiac in 1 (11%; 3%-48%). The markers of sympathetic outflow had no
correlation to any of the elements in the patients' hemodynamic profiles.
Conclusions: Results from this study suggest that hypotension of neurogenic shock can have multiple
mechanistic etiologies and represents a spectrum of hemodynamic profiles. This understanding is
important for the treatment decisions in managing these patients.
© 2013 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction reduction of vascular tone and peripheral resistance because ofApproximately 7% to 10% of all patients with trauma
spinal cord injuries develop a condition of neurogenic
circulatory shock [1,2]. Traditionally, neurogenic shock has
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Open access under CC BY-NC-ND license.the loss of sympathetic input [3]. In reality, the precise
circulatory mechanisms involved have not been well charac-
terized, and clinically, neurogenic shock is simply defined as
hypotension and bradycardia with the exclusion of other
causes of shock [1–3]. The study of neurogenic shock has
been complicated by its association with conditions of trauma
that often include other more likely causes for hypotension [4].
In addition, the sympathetic response to spinal cord injury is
known to follow a 4-phase longitudinal evolution, which
results in a varied hemodynamic responsiveness over time [5].
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state has been shown to be critically determinative to the
outcome of many of these patients [6,7]. Therefore, it is
important that clinicians acquire an improved understand-
ing of the physiologic etiology of the acute phase of
neurogenic shock if effective and targeted management
strategies are to be developed.
In this study, we collected some detailed early hemody-
namic data from patients in whom a diagnosis of acute
neurogenic shock had been made. This information was then
examined using a system analysis approach to determine the
likely circulatory physiologic etiology of their shock state
and categorize their hemodynamic profiles into a spectrum of
possible causative mechanisms.2. Methods
A convenience sample of adult patients (N18 years old)
with a clinical diagnosis of acute neurogenic shock (acute
spinal cord injury with hypotension not attributable to any
other etiology) was studied in the early stages of their
emergency department resuscitation at an academic medical
center that see approximately 70000 patients per year and
serves as a level 1 trauma center for a large catchment area.
Although all of these patients met the traditional criteria for
the diagnosis of neurogenic shock (systolic blood pressure
b100mmHg and heart rate b80 beats per minute), the goal of
the study was to more extensively characterize the hemody-
namics so that the mechanisms of circulatory shock could be
better clarified. The hemodynamic variables collected
included heart rate, systolic and diastolic blood pressure,
and cardiac output that were obtained using impedance
cardiography (Philips Medical ICG Monitor Model 2004;
Philips Medical Systems, 3000 Minuteman Road, Andover,
MA) and traditional emergency department vital sign deter-
minations [8,9]. Additional hemodynamic variables such as
systemic vascular resistance, pre-ejection period (PEP) (cardiac
PEP), and left ventricular ejection time (LVET) were derived
from these clinical measurements [9]. The reference range for
the impedance measure PEP is between 0.08 and 0.15 seconds
and is usually considered to be indicative of a peripheral
sympathetic outflow. The reference range for impedance
measure LVET is 0.25 to 0.55 second and is usually indicative
of the cardiac sympathetic outflow. The measurements of
cardiac output and systemic vascular resistance were indexed
to the body surface area of the individual patient for more
accurate comparisons. The data were collected under the
auspices of a University of Mississippi Center Institutional
Review Board–approved protocol.
2.1. Computational platform and system
analysis protocol
The hemodynamic variables collected were used in a
system analysis methodology to determine the most probablemechanistic etiology of the neurogenic circulatory shock
for each individual patient. In this process, each
individual patient's clinically observed hemodynamic
profile was matched with one of a variety of potential
cardiovascular derangements as predicted by the model
and based on the known levels of innervation of the
individual circulatory elements (heart, peripheral vascula-
ture, capacitance vessels).
The computational methodology used in the system
analysis uses a well-established computer model of human
physiology (Guyton/Coleman/Summers model) developed
over the past 30 years that describes the integrative
cardiovascular physiologic functioning of a virtual subject
[10–13]. This model and methodology have previously been
used in numerous studies that were intended to provide a
more detailed understanding of the physiologic mechanisms
involved in common clinical conditions [13–16]. In addition,
several versions of this model have been previously
demonstrated to accurately predict hemodynamic changes
seen during hypotensive states [11,12]. This evidence
suggests that the model can be used as a platform for the
theoretical analysis of shock states. The model contains a
variety of parameters that describe the detailed interactions
of systemic, organ, and tissue cellular physiology and
metabolism based upon basic physical principles and
established biologic relationships. The structure of the
model incorporates the cardiovascular and neurogenic
physiologic responses to changes in pressures, flows, and
hydraulics within the circulatory system as well as the
utilization and mass balance fluctuations of metabolic
substrates. The details of this model structure are beyond
the scope of the current article and have been described in
previous publications [11,13].
The system analytic procedure using the computational
platform involves recreating the clinical scenario for a virtual
subject with a spinal injury in an in silico environment
[17,18]. We performed a series of simulation studies in
which the efferent neurogenic input into the circulatory
system was muted at varying degrees of severity for 1 of the
3 separate key controlling cardiovascular elements (heart,
capacitance vessels, or peripheral arterial circulation). The
computer simulation was allowed to run until the model
system blood pressure reached a steady state that was
consistent with neurogenic shock. The general circulatory
profiles for each of these shock state neurogenic etiologies
were described using clinically determinable parameters as
listed in Table 1. The values for the measured patient
parameters were then compared with those in the table to
differentiate and categorize each individual patient as to the
dominant etiology of their neurogenic shock.3. Results
Over the period of this study, a total of 9 patients
presented to the emergency department in which it was
Table 1 The general ranges of some specific variables that
typified the categories of circulatory origin as suggested from
the overall systems analyses of the hemodynamic profiles of
patient with neurogenic shock
General ranges of hemodynamic variables typifying the origin
of acute neurogenic shock
Peripheral origin SVRI b2000 dyne-sec/cm5/m2
Capacitance origin CI b 2.8 lpm/m2 and HR N60 beats
per min
Cardiac origin CI b 2.8 lpm/m2 and HR b60 beats
per min
Mixed origin Combination of above
HR indicates heart rate.
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causation of their hypotension. The hemodynamic shock
profiles and the associated mechanisms of origin as
determined by the system analysis are listed in Table 2.
The etiology of the neurogenic shock was found by system
analysis to be due to a decrease in PVR in 3 of the cases
(33%; 95% confidence interval [CI], 12%-65%), a loss of
vascular capacitance in 2 cases (22%; 95% CI, 6%-55%),
and a mixed combination of peripheral resistance and
capacitance responsible in 3 of the cases (33%; 95% CI,
12%-65%). In only 1 subject with neurogenic hypotension
was the etiology thought to be purely cardiac in origin (11%;
95% CI, 3%-48%). The markers of sympathetic outflow
(PEP and LVET) were found to have no correlation to any of
the elements in the patients' hemodynamic profiles.4. Discussion
Neurogenic shock is typically considered a clinical
diagnosis of exclusion in patients with spinal cord injury
[3]. A diagnosis of this condition depends on the observationTable 2 Hemodynamic profiles of patients with acute neurogenic sh
No. Sex Age Level Mechanism MAP SBP D
1 m 47 C5 MVC 53 80 40
2 m 56 C2 MVC 56 70 50
3 m 68 T7/8 MVC 59 96 47
4 m 45 Cspine MVC 65 97 49
5 f 16 T1 MVC 54 91 41
6 m 51 Cspine MVC 73 94 63
7 m 54 C5/6 MVC 77 100 65
8 m 41 T7 fall 51 71 42
9 m 30 C5/7 diving 87 99 81
AVG 45 64 89 53
m indicates male; f, female; MVC, motor vehicle collision; MAP, mean arter
millimeters of mercury; DBP, diastolic blood pressure in millimeters of mercury
minute per body surface area in square meter; SVRI, systemic vascular resistance
meter; LVET and PEP in seconds.of hypotension and possibly bradycardia without any other
determined etiology [1,2]. Although neurogenic shock is
commonly described as a distributive type of shock,
secondary to a loss of systemic vascular resistance, the
precise circulatory elements responsible for the hypotension
are often uncertain and undetermined [3]. In this study, a
unique analytic methodology using a system-based approach
was used to characterize the hemodynamic profiles in a
cohort of patients with acute neurogenic shock due to trauma
[18]. From this analysis, we found a variety of circulatory
components that interface with neurogenic control mecha-
nisms that were thought to be involved in the development of
the observed hypotension [19,20]. This finding suggests that
clinical neurogenic shock is really a spectrum of hemody-
namic states all of which result in hypotension but might
require decidedly different management strategies [4-7,21].
Management protocols that include the collection of more
extensive hemodynamic data have been shown to improve
outcomes for this group of patients. Therapies that target the
specific circulatory mechanism implicated in the causation of
the shock state should be thoughtfully selected as opposed to
a generalized approach to management.
There are a number of limitations to this study that should
be noted. Although the combination of hypotension and
bradycardia (systolic pressure b100 mm Hg and heart rate
b80 beats per minute) is thought to be classic for neurogenic
shock, the incidence of this finding is really very uncommon
[1]. Our analysis determined that only 1 of the 9 patients had
a combination of both vascular and cardiac involvement. It is
interesting to note that the analysis resulted in a suggested
heart rate range of less than 60 beats per minute for a
neurogenic shock of cardiac origin. This is much less than
the les than 80 beats per minute that is commonly used
clinically in the diagnosis of this condition. Despite this
discrepancy, 22% of the patients in our small sample had
cardiac involvement, which is very similar to that noted in
other studies [1,2,4]. However, the historic choice of cutoff
of 80 beats per minute is arbitrary and based upon anock
BP HR CI SVRI PEP LVET Shock origin
78 3.4 1186 0.125 0.264 Peripheral
73 3 1413 0.135 0.375 Peripheral
139 2.9 1441 0.079 0.25 Peripheral
55 5.7 870 0.1 0.275 Mixed
75 2.1 1819 0.124 0.277 Mixed
98 2.2 1888 Mixed
66 2.6 2040 0.082 0.257 Capacitance
109 0.81 4741 0.185 0.18 Capacitance
51 2.31 2922 0.115 0.265 Cardiac
83 2.78 2036 0.127 0.234
ial pressure in millimeters of mercury; SBP, systolic blood pressure in
; HR, heart rate is in beats per minute; CI, cardiac index is in liters per
index dyne-seconds per square centimeter per body surface area in square
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rate is known to correlate poorly with hypotension and is
frequently not a factor especially if the neurologic reflex arc
is disrupted [22]. It also is important to remember that a loss
of cardiac sympathetic input results in an unopposed vagal
tone. Therefore, it might be expected that a true neurogenic
shock with a component of cardiac origin would have a heart
rate in keeping with current common definitions of
bradycardia (b60 beats per minute) [3].
It is also important that this study contains only a small
number of patients and a larger study might discern a
significantly different spectrum. The collection of detailed
hemodynamic information (including cardiac output) in the
early emergency stages of this disease process and before
aggressive therapies are initiated that obscure the true
circulatory state is very difficult logistically. A large scale
study would require a multicenter effort over an extended
period to capture significant numbers of patients in these
early stages. Such a study might also clarify what levels of
spinal cord injury are commonly associated with de-
rangements of specific elements of the circulation. There is
no apparent correlation between the spinal level involved
and the apparent effected circulatory mechanisms that
could be derived from our small study. It is possible that
the dynamic processes accompanying this type of traumatic
injury may preclude such an association. It is known that
acute spinal injury can result in paradoxical neurogenic
reflexes and unpredictable sympathetic discharges [23–25].
The intent of the current study was to simply demonstrate
that the general phenotypical state of clinical neurogenic
shock actually can be the result of a diverse variety of
hemodynamic conditions arising from distinctly different
physiologic mechanisms. An understanding of the spec-
trum nature of this disease process might assist clinicians
in more informed management decisions.
Lastly, we should note that some the measurement tools
used in the collection of the hemodynamic variables also
have some inherent limitations that could impact the
analysis. Arterial pressures measured by blood pressure
cuffs are often sporadic and unreliable when compared with
direct measurements using arterial catheters. In addition,
impedance cardiography is a well-accepted and practical
technique for determining cardiac output, but it is not a “gold
standard” and can be subject to significant measurement
error [9]. The advantage of using both of these noninvasive
techniques in this study is that they could be readily
implemented in the very early stages of the clinical shock
before significant resuscitative measures were initiated.5. Conclusions
Through the process of diagnosis, patients are sorted into
disease categories that define etiology of their condition.
Clinicians can then make management decisions based upon
knowledge of the pathophysiology of the type of diseaseprocess and the mechanisms expected to result in the
observed abnormalities. Neurogenic shock has traditionally
been considered as a particular pathophysiology resulting
from a singular causation. The current study suggests that
neurogenic shock really represents a potential spectrum of
hemodynamic derangements that can occur after a spinal
cord injury. Although all the patients in this study presented
with hypotension, the circulatory elements involved in the
etiology of the hemodynamic condition were quite varied.References
[1] Mallek JT, Inaba K, Branco BC, Ives C, Lam L, Talving P, et al. The
incidence of neurogenic shock after spinal cord injury in patients
admitted to a high-volume level I trauma center. AmSurg 2012;78:623-6.
[2] Guly HR, Bouamra O, Lecky FE. Trauma audit and research network.
The incidence of neurogenic shock in patients with isolated spinal cord
injury in the emergency department. Resuscitation 2008;76:57-62.
[3] American College of Surgeons (Corporate Author): Shock; Chapter 3,
Advanced Trauma Life Support for Doctors, Student Course Manual
(ATLS). 8th ed. American College of Surgeons Committee on
Trauma; 2008.
[4] Zipnick RI, Scalea TM, Trooskin SZ, Sclafani SJ, Emad B, Shah A,
et al. Hemodynamic responses to penetrating spinal cord injuries.
J Trauma 1993;35:578-83.
[5] Ditunno JF, Little JW, Tessler A, Burns AS. Spinal shock revisited: a
four-phase model. Spinal Cord 2004;42(7):383-95.
[6] Levi L, Wolf A, Belzberg H. Hemodynamic parameters in patients
with acute cervical cord trauma: description, intervention, and
prediction of outcome. Neurosurgery 1993;33:1007-17.
[7] Furlan JC, Fehlings MG. Cardiovascular complications after acute
spinal cord injury: pathophysiology, diagnosis, and management.
Neurosurg Focus 2008;25(5):E13.1-15.
[8] Summers RL, Thompson JR. Impact of the inclusion of noninvasive
cardiac output as a vital sign on medical decision making. Am J Clin
Med 2006;3(4):3-6.
[9] Summers RL, Shoemaker W, Peacock WF, Ander D, Coleman TG.
Bench to bedside: electrophysiologic and clinical principles of
noninvasive hemodynamic monitoring using impedance cardiography.
Acad Emerg Med 2003;10(6):669-80.
[10] Coleman TG, Summers RL. Using mathematical models to better
understand integrative physiology. J Physiol Biochem 1997;53:45-6.
[11] Guyton AC, Coleman TG, Granger HJ. Circulation: overall regulation.
Annu Rev Physiol 1972;34:13-46.
[12] Montani JP, Adair TH, Summers RL, Coleman TG, Guyton AC. A
simulation support system for solving large physiological models on
microcomputers. Int J Biomed Comput 1989;24:41-54.
[13] Hester RL, Iliescu R, Summers RL, Coleman TG. Systems biology and
integrative physiological modeling. J Physiol 2011;589(Pt 5):1053-60.
[14] Summers RL, Harrison JM, Thompson JR, Porter J, Coleman TG.
Theoretical analysis of the impact of positioning on hemodynamic
stability during pregnancy. Acad Emerg Med 2011;18:1094-8.
[15] Hall JE. The pioneering use of systems analysis to study cardiac output
regulation. Am J Physiol Regul Integr Comp Physiol 2004;287:
R1009-11.
[16] Summers RL. Computer simulation studies and the scientific method. J
Appl Animal Welfare Sci 1998;1:119-31.
[17] Summers RL, Montani JP. Computer simulation studies in systemic
physiology and pharmacology. In: Goldberg AM, editor. Alternative
Methods in Toxicology Book Series, 8. New York: Mary Ann Liebert,
Inc. Publishers; 1991. p. 479-84.
[18] Summers RL, Kevin Ward K, Witten T, Convertino V, Ryan K,
Coleman TG, et al. Validation of a computational platform for the
531.e5Hemodynamic spectrum of neurogenic shockanalysis of the physiologic mechanisms of a human experimental
model of hemorrhage. Resuscitation 2009;80:1405-10.
[19] Nguyen CN, Simanski O, Kähler R, et al. The benefits of using
Guyton's model in a hypotensive control system. Comput Methods
Programs Biomed 2008;89:153-61.
[20] Summers RL, Coleman TG. Computer systems analysis of the
cardiovascular mechanisms of reentry orthostasis in astronauts.
Comput Cardiol 2002;29:521-5.
[21] Vandertop WP. Traumatic spinal cord injury and cardiovascular
complications due to neurogenic shock: a possible threat for functional
recovery. Ned TijdschrGeneeskd 2004;148:1516-20.[22] Victorino GP, Battistella FD, Wisner DH. Does tachycardia
correlate with hypotension after trauma? J Am Coll Surg 2003;
196:679-84.
[23] Popa C, Popa F, Grigorean VT, Onose G, Sandu AM, PopescuM, et al.
Vascular dysfunctions following spinal cord injury. J Med Life
2010;3:275-85.
[24] Silver JR. Early autonomic dysreflexia. Spinal Cord 2000;38(4):
229-33.
[25] Grigorean VT, Sandu AM, Popescu M, Iacobini MA, Stoian R, Neascu
C, et al. Cardiac dysfunctions following spinal cord injury. J Med Life
2009;2:133-45.
